The spatiotemporal balance between stem cell maintenance, proliferation, and differentiation determines the rate of root growth and is controlled by hormones, including auxin and brassinosteroid (BR). However, the spatial actions of BR and its interactions with auxin remain unclear in roots. Here, we show that oppositely patterned and antagonistic actions of BR and auxin maintain the stem cell balance and optimal root growth. We discover a pattern of low levels of nuclear-localized BR-activated transcription factor BZR1 in the stem cell niche and high BZR1 levels in the transition-elongation zone. This BZR1 pattern requires local BR catabolism and auxin synthesis, as well as BR signaling. Cell-type-specific expression of a constitutively active form of BZR1 confirms that the high and low levels of BZR1 are required for the normal cell behaviors in the elongation zone and quiescent center (QC), respectively. Comparison between BR-responsive, BZR1-targeted, auxin-responsive, and developmental zone-specific transcriptomes indicates that BZR1 mostly activates its target genes expressed in the transition-elongation zone, but represses genes in the QC and surrounding stem cells, and that BR and auxin have overall opposite effects on gene expression. Genetic and physiological interactions support that a balance between the antagonistic actions of BR and auxin is required for optimal root growth. These results demonstrate that the level and output specificity of BR signaling are spatially patterned and that, in contrast to their synergism in shoots, BR and auxin interact antagonistically in roots to control the spatiotemporal balance of stem cell dynamics required for optimal root growth.
In Brief
The study by Chaiwanon and Wang provides evidence for a brassinosteroid (BR) gradient contributing to the developmental gradient of root meristem in Arabidopsis. A balance between the oppositely patterned, antagonistic actions of BR and auxin maintains the spatiotemporal balance between stem cell maintenance and differentiation in root meristems.
INTRODUCTION
The spatial balance between stem cell maintenance, proliferation, and differentiation determines the pattern and rate of growth in multicellular organisms. The continuously growing root tip contains a population of cells organized in a radially symmetrical pattern with a longitudinal gradient of quiescence, proliferation, and elongation. At the apical side of the root meristem, stem cells within the quiescent center (QC) rarely divide but specify the identity of the surrounding initial cells, which divide to form the meristem zone. At the basal side of the meristem, cells exit the meristem zone through a transition zone and enter the elongation zone, where cells stop division but rapidly increase their length and volume [1] . Both cell division in the meristem zone and cell elongation in the elongation zone contribute to root growth [2] , and their balance is crucial for sustained and optimal root growth and is regulated by several hormones [3] .
One of the most important hormones for root development is auxin. Auxin is known to induce root initiation in explants, promote lateral root development, and inhibit root elongation [3] . Both localized synthesis and active polar transport establish an auxin gradient with maxima at the QC [4, 5] . High levels of auxin maintain stem cell activities in the stem cell niche (QC and surrounding initial cells) to regulate meristem size, partly by activating the transcription factors PLETHORA [6, 7] . The low auxin level in the elongation zone allows cell elongation, and auxin inhibition of cell elongation mediates gravitropic root bending [3, 8, 9] . Auxin activates the auxin response transcription factors (ARFs) by triggering degradation of the Aux/IAA family transcriptional repressor proteins [10] . Recently, the auxin-responsive transcriptome has been shown to vary along the developmental zones of root tips [11] . However, the mechanisms by which auxin induces developmental zone-specific responses remain unknown.
Another important regulator of root growth is brassinosteroid (BR). BR-deficient or BR-insensitive mutants exhibit a wide range of growth defects, including dwarf shoot and short root [12] . Although BR stimulates cell elongation in shoot organs, its effect on root growth is dose dependent [13, 14] . Recent studies showed that BR at different concentrations can have opposite effects on root meristem size by promoting both cell-cycle progression and cell differentiation [15] . BR also modulates cell division in the QC [15] [16] [17] [18] , and BR signaling in the epidermis is sufficient for promoting root growth [17] . However, it remains unclear whether endogenous BR is spatially patterned to differentially regulate stem cell activities in the root tip.
BRs bind to the extracellular domain of the receptor kinase BRI1 to trigger a cascade of downstream signal transduction events, which include inactivation of the GSK3-like kinase BIN2, dephosphorylation of the BRASSINAZOLE RESISTANT 1 (BZR1) family transcription factors by PP2A phosphatase, accumulation of unphosphorylated BZR1 in the nucleus, and BZR1 regulation of thousands of BR target genes [19] . Many studies have demonstrated the synergistic effects of BR and auxin in several developmental processes, such as hypocotyl elongation, vascular differentiation, and lateral root initiation, as well as in gene expression [12, [20] [21] [22] [23] [24] . However, there has been conflicting genetic evidence supporting synergistic or antagonistic BR-auxin interaction in root growth [25] [26] [27] [28] . Although interactions between signaling components of the BR and auxin pathways have been observed [29, 30] , the functions of these interactions in root tip growth remain unknown.
Here, through microscopic, transcriptomic, and genetic analyses, we demonstrate that BZR1 is activated by endogenous BR in a graded pattern along developmental zones, which is overall opposite to the auxin gradient in root tips, and that BR acts antagonistically with auxin on BZR1 nuclear localization, transcriptomic response, and cell elongation in developmental zone-specific manners. Our study demonstrates that the stem cell dynamics are controlled by oppositely patterned antagonistic actions of BR and auxin, mediated at least in part by BZR1, in Arabidopsis root tips.
RESULTS
The Positive and Negative Effects of BR on Root Growth Are Separated Spatiotemporally and Are Concentration Dependent Previous studies demonstrated that BR promotes root growth at low concentrations but inhibits root growth at high concentrations [13] [14] [15] (Figure 1A ). The promoting effect of BR, however, is subtle and sometimes undetectable in wild-type plants but is obvious in the BR-deficient mutant dwf4, which shows a severe short-root phenotype that can be rescued by 50 pM brassinolide (BL; the most active form of BR) ( Figure 1A ), suggesting that under our experimental conditions, wild-type plants maintain nearoptimal endogenous BR levels for root growth.
To understand how BR modulates root growth dynamics, dwf4 seedlings were treated with a range of concentrations of BL, and the root growth rates were measured using live imaging over 72 hr. Untreated dwf4 roots grew on average at about 40% the speed of wild-type roots ( Figure 1B ). Immediately after treatment with BL, root growth was accelerated. However, after about 12 hr, the growth rates of roots treated with high concentrations of BL (e.g., 100 nM) started to decline gradually and became lower than untreated wild-type control roots by about 24 hr (Figures 1B and S1 ). Microscopic analysis of the root tips after 24 hr of treatment revealed that low BL concentration (0.1 nM) rescued the size and cell organization of meristem and the mature cell length in dwf4 roots ( Figures 1C-1F) . In contrast, high concentrations of BL (1 nM and 100 nM) promoted cell elongation in the meristem ( Figure 1C ) and reduced meristem size (length and cell number) ( Figures 1D and 1E ) but did not further increase mature cell size ( Figure 1F ). Such kinetics of BR response confirm that an increase of BR concentration promotes cell elongation and exit from the meristem [15] , leading to reduced meristem size and growth rate after an initial growth increase due to cell elongation.
BR Signaling Is Patterned in Root Tip
BR signaling increases BZR1 nuclear localization through PP2A-mediated dephosphorylation [31] [32] [33] . Therefore, the level of nuclear BZR1 provides a readout of BR signaling. The BZR1-YFP fusion protein expressed from either the BZR1 promoter or the constitutive 35S promoter accumulated at a low level in the nuclei of stem cell region but at a higher level in the nuclei of epidermal cells in the transition and elongation zone, in contrast to the histone-RFP protein expressed in the same plant (Figures  2A and 2B ; Figure S2 ; Movie S1). The non-fusion GFP protein expressed from the BZR1 or 35S promoter showed a more uniform distribution in the root tip ( Figures S3A and S3B) , whereas BES1/BZR2-GFP showed a similar pattern as BZR1-YFP with high nuclear intensity in the epidermal cells of transition-elongation zone (Figures S3C and S3D) . Quantification of the nuclear and cytoplasmic BZR1-YFP signals revealed a gradual decrease of cytoplasmic BZR1 from root tip to the elongation zone and a rapid increase of nuclear BZR1 level as cells entered the transition-elongation zone (cell length to width [l/w] R 1.0), correlating with rapid cell elongation ( Figure 2C ). The nuclear-to-cytoplasmic (N/C) ratio of BZR1-YFP showed a gradient increase along the root developmental axis ( Figures 2D and S3E-S3I ). In addition, BZR1 accumulated to a high level in the phloem (Figure S3J ), which correlates with the role of BR in vascular differentiation and BZR1 regulation by the TDIF peptide signal [34, 35] .
Consistent with nuclear BZR1-YFP reflecting the pattern of BR signaling, BR treatment (100 nM BL, 60 min) promoted BZR1 nuclear localization (increased the N/C ratio) in all cells except the cells in the elongation zone that have maximum N/C ratio without exogenous BR ( Figures 2D, 2E , and S3E-S3I). By contrast, treatment with a BR biosynthesis inhibitor (propiconazole, PPZ), as well as the dwf4 and bri1-116 mutations, reduced nuclear localization of BZR1 in all cell types, especially the epidermis of transition-elongation zone ( Figures 2D, 2F , S3K, and S3L), causing a BZR1-YFP pattern similar to GFP alone ( Figure S3B ). These results suggest that the gradient pattern of BZR1 in the root tip is due, at least partly, to patterned distribution of endogenous BR.
The gain-of-function bzr1-1D mutation increases BZR1's affinity to PP2A phosphatases, resulting in an activated and hypophosphorylated form of BZR1 [33] . In the root tip, the bzr1-1D-CFP fusion protein was detectable in the nucleus of all cell types and caused extra QC division even when BR biosynthesis was blocked ( Figures 2G, 2H , 2J, S3M, and S3N). Consistently, the bzr1-1D-CFP and bzr1-1D mutation also partly rescued the short-root phenotypes of dwf4 and bri1-116, respectively (Figure S3O ), suggesting that BR regulates root growth mostly through BZR1-mediated transcriptional responses.
The Gradient of Nuclear BZR1 Does Not Require Localized BR Synthesis but Involves Localized BR Catabolism When dwf4 plants expressing BZR1-YFP protein were grown on media containing 50 pM BL, a normal pattern of BZR1-YFP was observed ( Figure S3P ), suggesting that the BZR1 pattern can be established from exogenous BL, either by BL catabolism or transport or differential BR sensitivity, without localized BR synthesis. In the loss-of-function mutant of BR catabolic enzymes bas1-2;sob7-1 (BAS1/CYP72B1 and SOB7/CYP72C1) [36] , an increased nuclear BZR1-YFP signal was observed in the stem cells and columella cells ( Figure 2I ), indicating that BR catabolism is required for maintaining a low BR level and cytoplasmic BZR1 localization in the stem cell region of the root tip. Promoter-GFP reporter lines showed that both BAS1 and SOB7 are expressed in the root cap ( Figures S3Q and S3R ), which might reduce availability of bioactive BR in the adjacent columella and stem cell niche. There is also a low level of SOB7 expression in the epidermis of the elongation zone, which may mediate feedback regulation of BR homeostasis to maintain optimal cell elongation dynamics.
BZR1 Has Cell-Type-Specific Functions in Root Tip
To examine the role of spatiotemporal BZR1 activity in root development, we manipulated BZR1 activity in specific cell types by expressing bzr1-1D-YFP under cell-type-specific promoters in the bri1-116 background. The pWER:bzr1-1D-YFP construct, which expressed activated BZR1 in the epidermis, rescued the sizes of meristem zone, elongation zone, and mature cells, and partially rescued the short-root phenotype of bri1-116 ( Figures 3A-3F ). However, expression of activated BZR1 in the QC by pWOX5:bzr1-1D-YFP and in the endodermis and QC by pSCR:bzr1-1D-YFP had no effect on meristem size, cell elongation, or root length ( Figures 3E-3H ) but increased division of QC cells ( Figures 3G-3L ). The findings suggest that BZR1 acts in the epidermis to promote root meristem growth and root cell elongation but can promote QC division in a cell-autonomous manner.
The Pattern of Nuclear BZR1 Is Modulated by Auxin An auxin gradient, with a maximum in the root tip established by both polar auxin transport and localized synthesis by tryptophan aminotransferase TAA1, controls developmental zonation of stem cell maintenance and cell elongation in roots [37, 38] . To test whether auxin is involved in establishing BR's spatial pattern, we analyzed BZR1-YFP localization pattern in root tips treated with auxin (indole-3-acetic acid, IAA) or an auxin biosynthesis inhibitor, L-kynurenine, which inhibits TAA1 [39] . Treatment with auxin caused cytoplasmic accumulation of BZR1-YFP in the epidermal cells of the transition-elongation zone after 5 hr and decreased nuclear accumulation after 24 hr but had no obvious effect on BZR1 accumulation in the meristem ( Figures  4A-4D , S4A, and S4B). Short-term auxin treatments (<4-5 hr) or gravity-induced auxin redistribution, however, did not significantly alter the BZR1 localization pattern ( Figure S4C ). In turn, Lkynurenine inhibition of local auxin biosynthesis in the QC area [38, 39] led to increased nuclear accumulation of BZR1-YFP in the QC and columella stem cells ( Figures 4E, 4F , and S4D-S4G). The results suggest that auxin inhibits BZR1 nuclear accumulation and the auxin gradient contributes to the normal BZR1 patterning in the root tip.
BR and Auxin Antagonistically Regulate Gene Expression in Root
To understand the function of BZR1 and BR-auxin interaction in root development, we performed RNA sequencing (RNA-seq) experiments to identify BR-and auxin-responsive genes in root tips. Combining genes affected significantly (p < 0.01, log 2 fold change > 0.5 [fold change > 1.4]) by BR treatment (Col + BL versus Col and dwf4 + BL versus dwf4; 100 nM BL) and BR mutations (Col versus dwf4, Col versus bri1-116, and bri1-116,bzr1-1D versus bri1-116), we identified 2,966 BR-induced genes and 2,344 BR-repressed genes (Table S1; Figure S5A ). About 65% of genes affected by the bri1-116 mutation were affected by bzr1-1D, and 99% of these were affected in opposite ways by bzr1-1D ( Figure S5B ), consistent with bzr1-1D suppressing phenotypes of bri1-116 ( Figure S3O ). About 34% of the BR-regulated genes were direct targets of BZR1 identified in previous BZR1 chromatin immunoprecipitation (ChIP)-chip or chromatin immunoprecipitation sequencing (ChIP-seq) experiments [24, 40] (Table  S2) . We identified 2,806 and 3,099 genes induced and repressed by auxin treatment (5 mM IAA), respectively (p < 0.01, log 2 fold change > 0.5; Table S1 ). These include about 52% of the BRregulated genes ( Figure 5A ), indicating a high degree of coregulation. Surprisingly, in contrast to previous observation of similar effects of BR and auxin on overlapping transcriptome in whole seedlings [22, 23] , more than 70% of the coregulated genes responded to BR and auxin in opposite directions ( Figure 5B ; Table  S2 ). Co-treatment of wild-type seedlings simultaneously with BR and auxin caused an overall transcriptomic change similar to auxin treatment alone, but with reduced fold change for the genes oppositely affected by individual BR and auxin treatments and enhanced response for the genes similarly regulated by each hormone (Figures 5B and S5C) . qRT-PCR analysis of five BZR1 target genes confirmed their variable coregulation by BR and auxin ( Figure 5C ).
Enrichment analysis of gene ontology (GO) and InterPro functional categories indicates that both BR and auxin induce genes involved in response to auxin stimulus, including many Aux/IAA and GH3 family genes ( Figure 5D ). The BR-induced but auxinrepressed genes tend to be involved in cell-wall organization and biogenesis and water transport, suggesting that BR and auxin have opposite effects on cell elongation in root. BRrepressed but auxin-induced genes tend to be involved in ribosome biogenesis, and genes repressed by both BR and auxin tend to be involved in secondary metabolic processes (Figure 5D) . These results suggest that BR and auxin are largely antagonistic, but their relationship varies for regulating different cellular functions in root.
BR and Auxin Are Major Regulators of Developmental Zone-Specific Gene Expression in Primary Root
Previous studies have provided a high-resolution RootMap expression profile of several cell types and longitudinal sections of a single root [41] . Comparison of BR-responsive gene expression data with the RootMap gene expression data shows a distinct pattern of BR activation versus repression of genes specifically enriched in different developmental zones ( Figure 6A ; Table S2 ). Our auxin-responsive gene sets also showed developmental zone-specific responses ( Figure 6A ), consistent with that reported recently [11] . There is overall a strong inverse correlation between gene responses to BR and auxin along the developmental zones (Figures 6A and 6B) . In particular, 41% of the QC-enriched genes [11] are repressed and only 10% of them are induced by BR ( Figure 6C ), and 37% of the BRrepressed genes are induced and only 15% are repressed by auxin. Similarly, genes enriched in the meristem zone are more likely repressed (13%) than induced (3%) by BR, and about 43% of BR-repressed genes in the meristem zone are induced by auxin, and only 14% of them are also repressed by auxin. In contrast, genes expressed in the transition-elongation zone are more likely induced (36%) than repressed (7%) by BR, and Figure S5 and Table S1. 65% of the BR-induced genes in the transition-elongation zone are repressed, and only 6% of them are induced by auxin (Figure 6C) . Genes expressed in late elongation and differentiation zones showed less bias toward activation or repression by the hormones but still showed the overall trend of being regulated by BR and auxin in opposite ways (Figures 6B and 6C ; Table S2 ).
The dominant groups of BR/auxin-coregulated genes represent distinct functions in different developmental zones. For example, 46 out of the 97 BR-repressed auxin-induced meristem genes are related to ribosome biogenesis (Table S3 ). Loss of function of some of these genes has been shown to cause root growth defects [42, 43] . By contrast, BR-induced and auxinrepressed genes of the transition-elongation zones are highly enriched with functions in cell-wall biogenesis (p < 0.001).
Similar to BR-responsive genes, the BZR1 target genes are also overrepresented among the genes expressed in the QC (32%), transition-elongation zone (36%), and differentiation zone (32%), but underrepresented among genes expressed in the meristem zone (16%) ( Figure 6D ). The BZR1 target genes expressed in the QC tend to be repressed by BR and induced by auxin, whereas those expressed in the transition-elongation zone tend to be induced by BR but repressed by auxin ( Figures  6D and 6E ). Among the BR-repressed and auxin-induced BZR1 target genes are many major regulators of root development, including PLT1, PLT2, PLT4/BBM, and BRAVO (Table S2) , which were reported recently as key factors required for stem cell maintenance [16, 44] . Consistent with the RNA-seq data, the levels of PLT1-YFP and PLT2-YFP expressed from each native promoter were reduced by BR treatment (Figures 6F and 6G) . The RNA level of BRAVO was increased by auxin treatment (Table S1 ; [11] ), but the pBRAVO:GFP reporter did not respond to auxin treatment ( Figure 6H ; [16] ). However, auxin increased pBRA-VO:GFP expression in the presence of BR, and inhibiting auxin biosynthesis reduced the pBRAVO:GFP level ( Figure 6H ). These results suggest that the endogenous auxin maximum is required and sufficient for BRAVO expression under normal conditions but becomes insufficient when the BR level is elevated in the QC and surrounding area.
BR and Auxin Antagonistically Regulate Cell Elongation and Root Growth
The complementary spatial patterns of activity and opposite effects on gene expression suggest that BR and auxin function oppositely in regulating root growth. Indeed, roots of the BRdeficient mutant dwf4 were hypersensitive to auxin, and BL reduced the auxin sensitivity of dwf4 in a dose-dependent manner ( Figure 7A ). Conversely, auxin reduced BL sensitivity of dwf4 roots. Treatment with 60 nM 2,4-D (a synthetic auxin) shifted the optimal BL concentration for root growth from 0.05 to 0.5 nM (Figure 7B ), indicating that the balance between the two antagonistic hormones is critical for optimal root growth. Furthermore, the dominant bzr1-1D mutation was able to suppress the auxin hypersensitivity of dwf4 and the BR signaling mutants bri1-116 and bin2-1 ( Figures 7C and S6) , consistent with BZR1 being involved in the BR-auxin interaction in root growth.
At the cellular level, auxin reduced cell elongation and increased lateral cell expansion in the meristem zone and radial dimension of root tip, in contrast to BR (Figures 7D and 7E) . Furthermore, auxin dramatically inhibited cell elongation in the elongation zone. The roots treated with both BL and auxin showed double QC and early initiation of elongation in the transition zone, similar to BL-treated roots, but failed to elongate further in the elongation zone compared to BL-treated roots ( Figure 7F ).
DISCUSSION
Our study reveals an important role for BR as a major spatiotemporal signal that, through patterning the transcriptional activity of BZR1, regulates the dynamics of stem cell maintenance and differentiation in Arabidopsis roots. We further show that, in contrast to their synergistic interaction in regulating shoot growth, BR and auxin distribute with opposite gradient and interact antagonistically in controlling gene expression, stem cell maintenance, and cell elongation in root tips. We propose that the opposite gradients of these antagonistic signals determine the developmental gradient of stem cells in plant root tips.
Previous studies showed that at different concentrations, BR can have inhibitory and promotive effects on root growth [15, 17] . Here, our experiments show that such dose-dependent opposite effects of exogenous BR are due to requirement of different BR levels in different developmental zones. Under normal conditions, a high level of BR signaling in the transitionelongation zone is required to promote cell elongation, and a low BR level in the QC and meristem area is required to maintain stem cell and meristem size. Thus, the inhibitory and promotive effects of endogenous BR are controlled spatiotemporally to maximize root growth. Treatment with a high concentration of exogenous BR accelerates the transition from meristem cell division to cell elongation, causing an initial increase of root growth rate followed by decreased growth rate due to consequent reduction of meristem size. To avoid the inhibitory effects on QC function and meristem size while promoting cell elongation in the elongation zone, endogenous BR signaling is apparently maintained at a low level in the QC and meristem zone but at a high level in the transition-elongation zone, as indicated by the pattern of nuclear BZR1 and BZR2/BES1. Expression of active bzr1-1D in specific cell types confirmed the requirement of high BR/BZR1 activity in the epidermis of the elongation zone and low BR/BZR1 activity in the QC for normal functions of these cells, namely elongation and quiescence, respectively.
Our genomic analyses provide strong evidence supporting a major role of patterned BZR1 activity in spatial patterning of root gene expression. Comparison among BR-responsive transcriptomes, genome-wide BZR1 targets, and the RootMap transcriptomes revealed a high proportion of the developmental zone-specific genes being BR-regulated and BZR1 targets. Furthermore, BZR1 mainly promotes expression of target genes in the elongation zone but represses target genes in the QC and surrounding cells ( Figure 6D ). The high level of nuclear BZR1 in the transition-elongation zone correlates with expression of BR-induced genes, many of which encode cell-wall proteins that potentially mediate cell elongation. The low levels of nuclear BZR1 in cells of the QC and meristem zone correlate with expression of a large number of BR-repressed genes, which include genes involved in ribosomal biogenesis and several key stem cell regulators in the QC. These results suggest that BZR1 contributes to the patterning of gene expression by having (legend continued on next page) not only different nuclear levels but also different target gene specificity and transcriptional activity in different cells.
The patterning of nuclear BZR1 depends on BR and involves localized BR catabolism. In BR-deficient plants, the pattern of nuclear BZR1 is abolished but can be re-established from a low concentration of exogenous BR, presumably by BR transport or catabolism, and/or different BR sensitivity. A role of BR catabolism in patterning BZR1 is confirmed by the increased nuclear BZR1 levels in the QC and stem cell regions of the bas1;sob7 double mutant, which is defective in two BR-inactivating enzymes expressed in the root tip region. A recent study showed that another BR-inactivating enzyme, BAT1, is also expressed in the root tip region [45] . While BR synthesis and catabolism are required for normal BZR1 patterning, differential BR sensitivity may also contribute to the BZR1 patterning, as BR treatment and the bzr1-1D mutation reduced, but did not completely abolish, the BZR1 gradient. It is worth noting that localized BR catabolism also inactivates BZR1 in the shoot apical meristem to facilitate stem cell arrest and/or quiescence during organ boundary formation [46, 47] .
The patterning of BR/BZR1 appears to also involve auxin, which has been considered the master patterning signal for root development, with a maximum in the root stem cell niche [4, 44, 48] . The BZR1 pattern is overall opposite to that known for auxin and thus can potentially be established by an inhibitory effect of auxin on BR level or signaling. Indeed, auxin treatment increased cytoplasmic localization of BZR1 in the elongation zone, and inhibiting auxin biosynthesis increased nuclear BZR1 in the root tip region, where the endogenous auxin level is at a maximum. Auxin increases the expression levels of several BR catabolic enzymes, including BAS1, SOB7, BAT1, and BEN1 (Table S4 ; [45] ). These observations suggest that the auxin gradient contributes to the complementary pattern of nuclear BZR1 in root tip, at least in part by promoting local BR catabolism. In contrast, BR has been reported to promote auxin transport [21] . Such auxin inhibition of BR and BR promotion of auxin transport could potentially create a feedback loop that helps maintain their balance.
Recent studies showed that the TDIF peptide-activated TDR receptor kinase directly phosphorylates and activates BIN2, leading to phosphorylation and cytoplasmic localization of BZR1 in the procambial cells [35] . However, in contrast to BR, treatment with TDIF did not affect BZR1 pattern in the root tip ( Figure S7) , consistent with specific function of TDIF-TDR in xylem development. Similarly, cytokinin and ethylene, which both regulate root development through regulating auxin, showed no obvious effect on BZR1 patterning ( Figure S7 ).
Consistent with their opposite gradient patterns and opposite effects on BZR1 nuclear localization, BR and auxin show antagonistic interactions at the transcriptomic level, as well as at cellular and genetic levels, in roots. Both BR and auxin show strong preference of gene activation and repression in different developmental zones that correlate with their endogenous distribution, suggesting major contributions of these hormones to the expression of developmental zone-specific genes. The genes that are oppositely coregulated by BR and auxin include many BZR1 direct target genes, particularly in the QC and transitionelongation zones. In particular, BR/BZR repression of the QCspecific Myb factor BRAVO was recently reported to mediate BR regulation of stem cell quiescence [16] , and we found BRAVO expression requires auxin. BR repression of three of the four PLT factors (PLT1, PLT2, PLT4), whose expression requires auxin, is likely to contribute to BR-auxin antagonism in regulating meristem size, as the gradient shape of PLTs determines the boundaries between quiescent and dividing cells and between meristem and elongation zones [44] .
The antagonism between BR and auxin on root cell elongation, in contrast to their synergism in shoot cell elongation, reflects a consistent function of BR in promoting cell elongation but opposite effects of auxin in promoting shoot cell elongation and inhibiting root cell elongation, which is apparently necessitated by the opposite gravitropic and phototropic responses of the two organs. Recent studies suggest that distinct mechanisms are involved in auxin regulation of developmental zonation and rapid cell elongation responses in gravitropism [44] . Our study suggests that BZR1 nuclear localization is regulated effectively and rapidly by BR but is modulated slowly and perhaps indirectly by auxin. Thus, BZR1 appears to mediate BR-auxin coregulation of developmental zonation, similar to the role proposed for PLTs [44] .
The importance of BR-auxin antagonism in root growth is supported by the genetic and physiological interactions between the two hormones. Previous studies of bin2 [26, 27] and iaa7 mutant [28] and our analyses of additional BR mutants showed consistently opposite effects of genetic defects in each pathway on the sensitivities of root to the two hormones. Furthermore, BRauxin co-treatment alleviated each other's effects on cell elongation and root growth, indicating that the observed root inhibition by high levels of either BR or auxin alone is partly due to an imbalance between these two hormones.
Together, the results support a model that BR and auxin are distributed with opposite patterns and have antagonistic effects on stem cell maintenance and cell elongation in root tip, at least partly by patterning BZR1. Their opposite patterns of graded distribution enhance their opposing cellular activities in restricted developmental zones, and the balance between BR and auxin determines the balance between stem cell maintenance and differentiation and hence root growth rate. Other hormonal and environmental signals may alter auxin, BR, or both to influence root growth rate [6, 38, 49] . Maintaining the BR-auxin balance will likely involve spatiotemporal interactions between the two hormonal pathways at various levels, such as auxin regulation of BR metabolism [25, 50] , BR regulation of auxin transport [21] , BZR1-mediated transcriptional regulation of auxin catabolic enzymes, and signaling components (Table S5) , and possibly direct interaction between signaling components [24, 29, 30] . Clearly, a complete understanding of how the BR-auxin circuitry regulates plant development will require future studies carried out in specific developmental contexts.
EXPERIMENTAL PROCEDURES Plant Growth and Root Imaging
All wild-type, various mutants, and transgenic lines are in the Arabidopsis thaliana Columbia (Col-0) background (for details of plant lines and plasmid construction, see Supplemental Experimental Procedures). Seeds were surface sterilized and plated on 0.53 MS media containing 1% sucrose, 0.8% Phytoblend agar, and indicated hormones or mock. Plates were placed vertically under constant light. Root lengths were measured from images using ImageJ. For live-imaging analysis, root growth rates were measured every 15 min for 3 days (see Supplemental Experimental Procedures for more details).
Confocal Microscopy and Quantification of Fluorescence Signal
Laser scanning confocal microscopy was performed by using a Leica SP5 system after propidium iodide staining. At least five roots were analyzed for each treatment in each experiment, and each experiment was repeated independently at least three times. The same laser settings were used within the same experiment. To determine N/C ratios of BZR1-YFP, BES1-GFP, and bzr1-1D-CFP, we crossed the transgenic lines with plants expressing a nuclear marker 35S:H2B-RFP, and serial optical sections were obtained from roots of F1 seedlings. Meristem zone was between QC and the transition zone (cells in square shape). Elongation zone was between the transition zone and the first cell with root hair bulge.
Gene Expression Analysis
Total RNA was extracted from root tips of 7-day-old seedlings treated with 100 nM BL, 5 mM IAA, 100 nM BL + 5 mM IAA, or ethanol (mock) solution for 4 hr using the Spectrum Plant Total RNA kit (Sigma). For qRT-PCR, the total RNA was used to prepare cDNA using RevertAid reverse transcriptase (Fermentas). qRT-PCR was performed on LightCycler 480 (Roche) using a SYBR Green reagent (Bioline) (see Supplemental Experimental Procedures for qRT-PCR primers). For RNA-seq, libraries were constructed using the TruSeq RNA Sample Preparation kit (Illumina) according to manufacturer's instructions. Reads were aligned to the Arabidopsis genome, TAIR10. Read counts for each gene were quantified, and differential expression was determined using fold change > 1.4 (equivalent to log 2 fold change > 0.5) and p < 0.01 cutoffs (see Supplemental Experimental Procedures for detailed analysis).
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